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Background

Urinary sodium was indicated to be associated with dyslipidemia, but inconsistent conclusions for this association exist across the present observational studies.





Objectives

This study aimed to evaluate the causal association between urinary sodium and circulating lipid levels [low-density lipoprotein cholesterol (LDL-C), triglycerides, and high-density lipoprotein cholesterol (HDL-C)] through Mendelian randomization.





Methods

Univariable Mendelian randomization (UVMR) and multivariable Mendelian randomization (MVMR) with pleiotropy-resistant methods were performed. Data for urinary sodium were obtained from the genome-wide association study (GWAS) from 446,237 European individuals. Data for lipid profiles were extracted from GWAS based on the UK Biobank (for the discovery analysis) and the Global Lipids Genetics Consortium (for the replication analysis).





Results

In the discovery analysis, UVMR provided evidence that per 1-unit log-transformed genetically increased urinary sodium was associated with a lower level of HDL-C level (beta = −0.32; 95% CI: −0.43, −0.20; p = 7.25E−08), but not with LDL-C and triglycerides. This effect was still significant in the further MVMR when considering the effect of BMI or the other two lipid contents. In contrast, higher genetically predicted triglycerides could increase urinary sodium in both UVMR (beta = 0.030; 95% CI: 0.020, −0.039; p = 2.12E−10) and MVMR analyses (beta = 0.029; 95% CI: 0.019, 0.037; p = 8.13E−10). Similar results between triglycerides and urinary sodium were found in the replication analysis.





Conclusion

Increased urinary sodium may have weak causal effects on decreased circulating HDL-C levels. Furthermore, genetically higher triglyceride levels may have independent causal effects on increased urinary sodium excretion.
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Introduction

Dyslipidemia represents the imbalance of circulating lipid levels like low-density lipoprotein cholesterol (LDL-C), triglycerides, and high-density lipoprotein cholesterol (HDL-C), which leads to severe diseases in other organ systems, especially cardiovascular disease (CVD) (1). Since CVD is the leading cause of mortality in the world, the identification of causal risk factors associated with dyslipidemia would provide important insights into preventing CVD (2).

Over the past decades, high sodium consumption has been considered closely related to CVD by promoting the development of hypertension (3). As the golden standard for estimating salt intake, urinary sodium has been indicated and associated in a dose–response manner with a higher CVD risk (4). Unfortunately, few publications have estimated the association between urinary sodium and dyslipidemia based on observational studies. Due to the heterogeneity in the selection of cases, controls, sample size, and study designs, there were inconsistent conclusions across the present publications (5–8). Moreover, because of the potential confounding and reverse causation, observational studies are limited in estimating causal association.

A randomized control trial (RCT) has been long regarded as the golden standard for causality estimation, which can control the confounding factors and provide a causal estimate with a high evidence level. However, conducting a highly qualified RCT requires abundant time and resources. By applying genetic variants related to the exposure of interest as the instrumental variable (IV), Mendelian randomization (MR) can minimize unmeasured confounding from observational studies and estimate the causal association between potential risk factors and health outcomes (9). When an RCT is not easily practicable, a precisely designed MR can provide more reliable evidence to guide interventional research than observational ones and complementary information for further RCTs (10).

The aims of this study were to explore whether 1) urinary sodium exerts total and direct causal effects on circulating lipid levels (LDL-C, triglycerides, and HDL-C) and 2) circulating lipid levels have total and directional causal effects on the urinary sodium.





Material and method




Study design

We conducted this study with several steps of a two-sample MR. First, we applied bidirectional univariable MR (UVMR) to assess the causal association between urinary sodium and circulating lipid levels (the discovery analysis). Second, we used bidirectional multivariable MR (MVMR) to evaluate the direct effect of urinary sodium on circulating lipid levels and the direct effect of circulating lipid levels on urinary sodium when accounting for body mass index (BMI) (the discovery analysis). In each step above, we performed replication analysis with data of circulating lipid levels from another database (the Global Lipids Genetics Consortium). Supplementary Figures 1, 2 show the flow graph of each procedure.





Data source




Urinary sodium

The data on urinary sodium were obtained from 446,237 European individuals from the UK Biobank (UKB) (Supplementary Table 1) (11). The sodium concentration in collected urine samples was determined by the ion-selective electrode method (potentiometric method) using Beckman Coulter AU5400, UK Ltd., in which the analytic range for sodium was 2–200 mmol/L and the coefficients of variation (CV) of the low and high internal quality control (IQC) level of urinary sodium were 0.99% and 0.82%, respectively (12). Participants with sex discordance, high missingness/heterozygosity, and withdrawn consent, as well as those who were pregnant or unsure of their pregnancy status at baseline, were excluded. A custom Affymetrix UKB Axiom array was applied for the genotyping of DNA samples obtained from the UKB. The urinary sodium was log-transformed and obtained with a linear mixed model controlling for population stratification and correlation among individuals and was adjusted for age and sex.





Circulating lipid levels

The data of circulating lipid levels for the discovery analysis were obtained from a largest-to-date genome-wide association study (GWAS) with participants of European ancestry from the UKB (sample size: triglyceride: n = 441,016, HDL-C: n = 403,943, LDL-C: n = 440,546) (13). The lipid traits (unit: standard deviation [SD] [mmol/L]) were standardized/normalized using inverse rank normalization, and the analyses were adjusted for age, sex, and genotyping chip array. Details regarding sample handling and the assays employed have been previously elucidated in other publications (14, 15).

In summary, Beckman Coulter (UK), Ltd. provided assays using the Beckman Coulter AU5800 platform, and the methods included enzyme immuno-inhibition for HDL-C, enzymatic selective protection for LDL-C, and enzymatic for triglycerides. The CV for HDL-C at the low, medium, and high IQC levels were 1.81%, 1.76%, and 1.72%, respectively. For LDL-C, the CV was 1.71%, 1.59%, and 1.57% at the corresponding IQC levels, while for triglycerides, it was 2.27%, 2.18%, and 2.05%, respectively.

The data of circulating lipid levels for the replication analysis were extracted from the most representative GWAS of subjects from the Global Lipids Genetics Consortium (sample size: triglyceride: n = 177,861, HDL-C: n = 187,167, LDL-C: n = 173,082) (16). This study collected the summary statistics for Metabochip SNPs from 45 studies. Individuals who were known to be taking lipid-lowering medications were excluded. LDL-C levels were directly measured in 10 studies, representing 24% of the total study population, while in the remaining studies, they were estimated using the Friedewald formula (16, 17). The circulating lipid levels (unit: SD [mg/dL]) were measured after fasting for more than 8 h and adjusted for age, age2, and sex and then quantile-normalized. Quality control steps involved identifying outliers, ensuring consistent strand assignment, validating reported statistics, checking genomic control values, and excluding rare variants (16). This GWAS only selected European individuals for novel genome-wide significant loci discovery, while the non-European individuals were examined only for fine-mapping analyses.






Statistical analyses and Mendelian randomization

We applied TwoSampleMR (https://github.com/MRCIEU/TwoSampleMR) to combine and harmonize data in UVMR, bidirectional MR, and MVMR. The random-effects inverse-variance weighted (IVW) method was utilized as the primary method to provide a robust causal estimate in the absence of directional pleiotropy. However, the IVW method could ignore the potential pleiotropy, which could lead to the violence of instrumental variable assumptions of MR (18). Therefore, we applied sensitivity analysis like MR-Egger, weighted median, and weighted mode methods (19). Furthermore, Cochran’s Q statistic was used for the detection of possible heterogeneities (p-value < 0.05 indicated the presence of heterogeneity). The potential horizontal pleiotropy was tested by intercept obtained from the MR-Egger analysis (p-value < 0.05 indicated the presence of horizontal pleiotropy). To exclude the single nucleotide polymorphism (SNP) explaining more variation for the outcome rather than the exposure, we applied Steiger filtering to reduce the possibility of false results because of pleiotropy and the MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) method for the detection and removal of potential outliers in IVW regression (20). Since the lipid contents could have reciprocal genetic effects on each other and obesity has been considered closely associated with lipid metabolism (21), we conducted MVMR to estimate the direct causal relationship between urinary sodium and circulating lipid levels by considering the effect of BMI and other two lipid contents.





Mendelian randomization assumptions and results interpretation

The MR analysis should meet the following three assumptions to guarantee the robustness of results: 1) the IVs should robustly associate with the exposure, 2) the IVs cannot associate with confounders, and 3) the IVs should only affect the outcome through exposure (19). To meet assumption 1, we only selected genetic variants significantly associated with LDL-C and HDL-C, triglycerides, and urinary sodium (p-value < 1 × 10−8 for urinary sodium and p-value < 5 × 10−8 for circulating lipid level) as IVs. Moreover, the calculated F-statistics for exposures were all larger than 10 (Supplementary Table 2), which minimized the bias from weak instruments (22). Furthermore, to meet assumptions 2 and 3, we identified and excluded genetic variants that are in a state of linkage disequilibrium (LD) (r2 < 0.01, LD distance > 10,000kb) and performed sensitivity analyses (MR-Egger, weighted median, and weighted mode methods), Steiger filtering, and MR-PRESSO to diminish potential pleiotropic effects (19). Furthermore, we conducted Cochran’s Q statistic for the estimation of heterogeneity to further test assumptions 2 and 3 since the existence of heterogeneity may result in pleiotropy of SNPs.

The MR analyses were conducted in R version 4.1.1 with TwoSampleMR, MendelianRandomization, MR‐PRESSO, and MVMR R packages. All the p-values are two-tailed. When the p-value is less than 0.05 in the IVW method and the association direction remained consistent in the results of MR-Egger, weighted median, or weighted mode, the suggestive causal associations were considered. The causal effects were reported in beta coefficients since all the outcomes are continuous. The unit for urinary sodium and lipid traits was in the SD scale.






Results




UVMR: bidirectional relationship between urinary sodium and circulating lipid levels

In the discovery analysis, we initially included 48 SNPs for urinary sodium. After using the MR-PRESSO and Steiger filter method, there were 10, 16, and 12 SNPs excluded when LDL-C, HDL-C, and triglycerides were utilized as outcomes, respectively (Supplementary Figure 1). We observe that per 1-SD genetically increased log-transformed urinary sodium would reduce circulating HDL-C levels (beta = −0.32; 95% CI: −0.43, −0.20; p = 7.25E−08) but increase triglyceride levels (beta = 0.22; 95% CI: 0.03, 0.4; p = 0.02) (Figure 1 and Supplementary Table 3). Consistent results in IVW estimates were obtained in weighted median and weighted mode methods (Supplementary Table 3). However, there was no evidence that the change in urinary sodium would affect circulating LDL-C levels (Figure 1 and Supplementary Table 3).




Figure 1 | Forest plot of univariable Mendelian randomization analysis for the effect of urinary sodium on circulating lipid level. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.



When the lipid levels were utilized as exposures, there were 175 SNPs for LDL-C, 434 SNPs for HDL-C, and 374 SNPs for triglycerides included in the discovery analysis (Supplementary Figure 2). An attenuated urinary sodium level was observed when circulating HDL-C levels increased (beta = −0.010; 95% CI: −0.018, −0.003; p = 0.008). Reversely, increased triglyceride levels were indicated to elevate urinary sodium level (beta = 0.030; 95% CI: 0.020, −0.039; p = 2.12E−10) (Figure 2 and Supplementary Table 5).




Figure 2 | Forest plot of univariable Mendelian randomization analysis for the effect of circulating lipid level on urinary sodium. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.



The F-statistic values are 45–46 for instruments in lipid traits (Supplementary Table 2). Heterogeneity was found between SNPs of urinary sodium and lipid level, but no evidence for the presence of horizontal pleiotropy was provided by the MR-Egger intercept (Supplementary Table 3).





MVMR: bidirectional relationship between urinary sodium and circulating lipid levels

When accounting for the effect of BMI and the other two lipid contents, the decreased trend in circulating HDL-C level per 1-SD genetically increased log-transformed urinary sodium found in UVMR remained unchanged although the statistical power was weakened (beta = −0.21; 95% CI: −0.40, −0.02; p = 0.029). However, the direct causal effect of urinary sodium on triglycerides was not significant (Figure 3).




Figure 3 | Forest plot of multivariable Mendelian randomization analysis for the effect of urinary sodium on circulating lipid level. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.



When lipid levels were utilized as exposures, there was evidence that increased triglyceride levels had a direct causal effect on urinary sodium (beta = 0.029; 95% CI: 0.019, 0.037; p = 8.13E−10). No significant causal effect of LDL-C and HDL-C on urinary sodium was found (Figure 4).




Figure 4 | Forest plot of multivariable Mendelian randomization analysis for the effect of circulating lipid level on urinary sodium. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.







Replication analysis

In the replication analysis, we initially included 28 SNPs for urinary sodium. After using the MR-PRESSO and Steiger filter method, there were 2, 2, and 8 SNPs excluded when LDL-C, HDL-C, and triglycerides were utilized as outcomes, respectively (Supplementary Figure 1).

In UVMR, a reduced HDL-C level per 1-SD increased urinary sodium remained significant although the statistical power was reduced (beta = −0.37; 95% CI: −0.60, −0.14; p = 0.001) (Figure 1 and Supplementary Table 4). However, the causal effect of urinary sodium on triglyceride levels was weakened to null (beta = 0.24; 95% CI: −0.01, 0.49; p = 0.061) (Figure 1 and Supplementary Table 4). When the lipid levels were utilized as exposures, there were 93 SNPs for LDL-C, 116 SNPs for HDL-C, and 65 SNPs for triglycerides included in the discovery analysis (Supplementary Figure 2). The effect of circulating HDL-C levels on urinary sodium level was not found to be significant (beta = −0.001; 95% CI: −0.009, 0.007; p = 0.869). On the contrary, a significant effect of higher triglyceride levels on increased urinary sodium level was found (beta = 0.014; 95% CI: 0.002, 0.025; p = 0.021) (Figure 2 and Supplementary Table 6).

In the replication analysis of MVMR, no significant association was found when urinary sodium was utilized as the exposure (Figure 3). However, when lipids were utilized as outcomes, a direct causal effect of increased triglyceride levels on urinary sodium still holds (beta = 0.014; 95% CI: 0.003, 0.025; p = 0.011) (Figure 4).






Discussion

In this genetics-based causal investigation, we reported genetic evidence for the bidirectional causal association between urinary sodium and circulating lipid levels. The results of UVMR supported that increased urinary sodium would decrease circulating HDL-C levels, but only a weak association was found in the further MVMR. Meanwhile, higher genetically predicted triglycerides could increase urinary sodium, and the tendency holds in both UVMR and MVMR analyses. Collectively, our results suggested the bidirectional association between urinary sodium and circulating lipid levels.

Our findings for the relationship between urinary sodium and circulating HDL-C levels are comparable to previous publications. A cross-sectional study involving 223 Chilean individuals (6.9–65.0 years old) indicated an inverse correlation between urinary sodium and HDL-C (r = −0.2093, p = 0.0018), but it was not significant after adjusting for age, gender, and BMI (23). González and colleagues included 490 patients with mild essential hypertension (144 ± 9/94 ± 9 mmHg, 49.5 ± 13.9 years), and they found significantly low HDL-C levels in the high urinary sodium group (24). Similarly, another cross-sectional study with a larger sample size (1,738 boys aged 10–18 years) also demonstrated a reverse association between higher urinary sodium excretion to urinary specific gravity ratio and lower HDL-C levels (p = 0.033) (25). However, the observational studies above failed to assess the causal relation due to the study design. Consistent with a previous MR study with a smaller sample size (n = 187,167 vs. ours n = 403,943) (26), we demonstrated the causal effect of higher urinary level on lower HDL-C levels. Although the further discovery MVMR analysis indicated a direct causal effect, this effect failed to hold in the replication analysis. It is essential to emphasize that our study is an MR study, designed to offer genetic evidence of potential causal relationships. Although our study hints at a weak causal link between increased urinary sodium and reduced circulating HDL-C levels, caution should be exercised when interpreting this finding since it only suggests a possible causal connection, and further research is needed to validate these results.

The pathophysiology of the association between sodium intake and HDL-C has not been fully elucidated. Emerging evidence suggests that the kidney plays a pivotal role in lipid metabolism, particularly concerning HDL-C. This involvement includes the tubular handling of filtered HDL-C apolipoprotein constituents through the cubilin–megalin–amnionless system (27). Krikken and colleagues proposed a hypothesis that reduced glomerular filtration of HDL-C apolipoproteins contributes to HDL-C catabolism although their findings, indicating that short-term dietary sodium restriction would decrease HDL-C, contradict our results (28). Furthermore, urinary sodium excretion has been positively linked to insulin resistance (29), which can lead to abnormalities in HDL-C levels. In this context, hyperinsulinemia resulting from insulin resistance can promote triglyceride contents in HDL-C particles by enhancing cholesteryl ester transferase activity. This hyperinsulinemia is also a critical factor in reducing plasma HDL-C levels (30). Taken together with our findings, these results suggest that urinary sodium excretion may indeed have a causal impact on HDL-C levels although it may be influenced by other confounding factors. Further studies with larger sample sizes are warranted to provide a more comprehensive understanding of this relationship.

In UVMR, the causal effect of urinary sodium on serum triglycerides was indicated in the discovery analysis. Although it has been reported that higher sodium excretion was related to higher triglyceride levels in several publications (5, 23, 24, 31), these findings were not demonstrated in the replication and further MVMR analysis. Conclusions about such relationships should therefore be treated with caution since they could be confounded by factors like obesity. Reversely, our study has further provided evidence that increased serum triglycerides could elevate urinary sodium in both discovery and replication analyses. In line with previous studies showing that high triglycerides were reported to be associated with high urinary sodium excretions in patients with nephrolithiasis (32, 33), our findings have expanded the causality and supported the direct effects of triglycerides on urinary sodium. In animal experiments, focal and segmental glomerulosclerosis has been found in Dahl salt-sensitive hypertensive rats with a high-salt diet, and Hirano and colleagues found pronounced hypertriglyceridemia in these rats even when they were fed a standard rat chow. Hirano believed that hypertriglyceridemia could be a result of both overproduction and impaired catabolism of very-low-density lipoprotein and triglycerides (34). Furthermore, mineralocorticoid receptor activation has been indicated to promote triglyceride accumulation post-feeding (35). In mice fed with high Na+ and high-fat diet, a lower expression of mineralocorticoid receptor was found in the liver (36). Therefore, we hypothesized that the relationship between urinary sodium and triglycerides may be related to the alteration of mineralocorticoid receptors.

There are some strengths in our study. Firstly, compared with a previous MR study (26), a GWAS with a larger sample size was included, and the potential reverse causality between urinary sodium and lipid levels was evaluated. Secondly, we conducted both discovery and replication analysis using samples from the UKB and the Global Lipids Genetics Consortium, which guaranteed the robustness of the results. Thirdly, we additionally applied several rigorous MR methods to assess causality throughout the analysis. However, we acknowledged some limitations. Firstly, the generalizability of our findings may be limited because only individuals with European ancestry were included. Secondly, the sample for urinary sodium and lipid levels is partially overlapped in the UKB part. Although the two-sample MR can still be applied in this situation (32), it may bring the winner’s curse bias, which refers to the phenomenon where the initial results of an association often appear to be exaggerated, deviating significantly from the null hypothesis, while subsequent replication studies tend to yield more conservative estimates (37). Third, although we used MVMR to estimate the association between urinary sodium and the three lipids and the other pleiotropy-resistant MR methods provided consistent results, there remains a potential residual bias due to pleiotropic associations among the lipid variants.





Conclusion

The major finding is that our study provided genetic evidence that increased urinary sodium may have weak causal effects on decreased circulating HDL-C levels. Furthermore, genetically higher triglyceride levels may have independent causal effects on increased urinary sodium excretion. Moreover, reducing sodium intake may be beneficial for lipid regulation, especially HDL-C. Further interventional studies are warranted to confirm these results.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

Conception and design: CY, PJ, and ZJ. Acquisition of data: CY and ZJ. Analysis and interpretation of data: PJ, ZJ, and XW. Drafting of the manuscript: CY, PJ, and ZJ. Critical revision of the manuscript for important intellectual content: XW. Funding acquisition: XW. Administrative, technical, or material support: ZJ and XW. Supervision: XW. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the Natural Science Foundation of Sichuan Province (2022NSFSC0712).




Acknowledgments

We would like to thank the participants and investigators of the database we used in this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1189473/full#supplementary-material




References

1. Pirillo, A, Casula, M, Olmastroni, E, Norata, GD, and Catapano, AL. Global epidemiology of dyslipidaemias. Nat Rev Cardiol (2021) 18(10):689–700. doi: 10.1038/s41569-021-00541-4

2. GBD 2015. Mortality and causes of death collaborators. global, regional, and national life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of death, 1980-2015: a systematic analysis for the global burden of disease study 2015. Lancet (2016) 388(10053):1459–544. doi: 10.1016/S0140-6736(16)31012-1

3. Flint, AC, Conell, C, Ren, X, Banki, NM, Chan, SL, Rao, VA, et al. Effect of systolic and diastolic blood pressure on cardiovascular outcomes. N Engl J Med (2019) 381(3):243–51. doi: 10.1056/NEJMoa1803180

4. Ma, Y, He, FJ, Sun, Q, Yuan, C, Kieneker, LM, Curhan, GC, et al. 24-hour urinary sodium and potassium excretion and cardiovascular risk. N Engl J Med (2022) 386(3):252–63. doi: 10.1056/NEJMoa2109794

5. Choi, JW, Park, JS, and Lee, CH. Interactive effect of high sodium intake with increased serum triglycerides on hypertension. PloS One (2020) 15(4):e0231707. doi: 10.1371/journal.pone.0231707

6. Ge, Z, Guo, X, Chen, X, Tang, J, Yan, L, Ren, J, et al. Association between 24 h urinary sodium and potassium excretion and the metabolic syndrome in Chinese adults: the Shandong and Ministry of Health Action on Salt and Hypertension (SMASH) study. Br J Nutr (2015) 113(6):996–1002. doi: 10.1017/S0007114514003833

7. Baudrand, R, Campino, C, Carvajal, CA, Olivieri, O, Guidi, G, Faccini, G, et al. High sodium intake is associated with increased glucocorticoid production, insulin resistance and metabolic syndrome. Clin Endocrinol (Oxf) (2014) 80(5):677–84. doi: 10.1111/cen.12225

8. Cai, C, Mai, Z, Deng, T, Zhao, Z, Zhu, W, Wen, Y, et al. Impact of dyslipidemia on 24-h urine composition in adults without urolithiasis. Lipids Health Dis (2018) 17(1):250. doi: 10.1186/s12944-018-0899-x

9. Davies, NM, Holmes, MV, and Davey Smith, G. Reading Mendelian randomisation studies: a guide, glossary, and checklist for clinicians. Bmj (2018) 362:k601. doi: 10.1136/bmj.k601

10. Ference, BA, Holmes, MV, and Smith, GD. Using mendelian randomization to improve the design of randomized trials. Cold Spring Harb Perspect Med (2021) 11(7):a040980. doi: 10.1101/cshperspect.a040980

11. Pazoki, R, Evangelou, E, Mosen-Ansorena, D, Pinto, RC, Karaman, I, Blakeley, P, et al. GWAS for urinary sodium and potassium excretion highlights pathways shared with cardiovascular traits. Nat Commun (2019) 10(1):3653. doi: 10.1038/s41467-019-11451-y

12. Fry, D, Almond, R, Gordon, M, and Moffat, S. UK Biobank biomarker project: details of assays and quality control information for the urinary biomarker data . UK Biobank Organisation. Available at: https://biobankndphoxacuk/showcase/showcase/docs/urine_assaypdf (Accessed January. 2022;13).

13. Richardson, TG, Sanderson, E, Palmer, TM, Ala-Korpela, M, Ference, BA, Davey Smith, G, et al. Evaluating the relationship between circulating lipoprotein lipids and apolipoproteins with risk of coronary heart disease: A multivariable Mendelian randomisation analysis. PloS Med (2020) 17(3):e1003062. doi: 10.1371/journal.pmed.1003062

14. Elliott, P, and Peakman, TC. The UK Biobank sample handling and storage protocol for the collection, processing and archiving of human blood and urine. Int J Epidemiol (2008) 37(2):234–44. doi: 10.1093/ije/dym276

15. Fry, D, Almond, R, Moffat, S, Gordon, M, and Singh, P. Companion document to accompany serum biomarker data [Internet]. UK Biobank Biomarker Project. (2019). [cited 2022 Jan 13]. Available at: https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/serum_biochemistry.pdf.

16. Willer, CJ, Schmidt, EM, Sengupta, S, Peloso, GM, Gustafsson, S, Kanoni, S, et al. Discovery and refinement of loci associated with lipid levels. Nat Genet (2013) 45(11):1274–83. doi: 10.1038/ng.2797

17. Friedewald, WT, Levy, RI, and Fredrickson, DS. Estimation of the concentration of low-density lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem (1972) 18(6):499–502. doi: 10.1093/clinchem/18.6.499

18. Bowden, J, Davey Smith, G, and Burgess, S. Mendelian randomization with invalid instruments: effect estimation and bias detection through Egger regression. Int J Epidemiol (2015) 44(2):512–25. doi: 10.1093/ije/dyv080

19. Sanderson, E, Glymour, MM, Holmes, MV, Kang, H, Morrison, J, Munafò, MR, et al. Mendelian randomization. Nat Rev Methods Primers (2022) 2(1):6. doi: 10.1038/s43586-021-00092-5

20. Verbanck, M, Chen, CY, Neale, B, and Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet (2018) 50(5):693–8. doi: 10.1038/s41588-018-0099-7

21. Iyer, A, Fairlie, DP, Prins, JB, Hammock, BD, and Brown, L. Inflammatory lipid mediators in adipocyte function and obesity. Nat Rev Endocrinol (2010) 6(2):71–82. doi: 10.1038/nrendo.2009.264

22. Burgess, S, and Thompson, SG. Avoiding bias from weak instruments in Mendelian randomization studies. Int J Epidemiol (2011) 40(3):755–64. doi: 10.1093/ije/dyr036

23. Campino, C, Baudrand, R, Valdivia, CA, Carvajal, C, Vecchiola, A, Tapia-Castillo, A, et al. Sodium intake is associated with endothelial damage biomarkers and metabolic dysregulation. Am J Hypertens (2018) 31(10):1127–32. doi: 10.1093/ajh/hpy097

24. González, SA, Forcada, P, de Cavanagh, EM, Inserra, F, Svane, JC, Obregón, S, et al. Sodium intake is associated with parasympathetic tone and metabolic parameters in mild hypertension. Am J Hypertens (2012) 25(5):620–4. doi: 10.1038/ajh.2012.10

25. So, CH, Jeong, HR, and Shim, YS. Association of the urinary sodium to urinary specific gravity ratio with metabolic syndrome in Korean children and adolescents: The Korea National Health and Nutrition Examination Survey 2010-2013. PloS One (2017) 12(12):e0189934. doi: 10.1371/journal.pone.0189934

26. Au Yeung, SL, and Schooling, CM. Impact of urinary sodium on cardiovascular disease and risk factors: A 2 sample Mendelian randomization study. Clin Nutr (2021) 40(4):1990–6. doi: 10.1016/j.clnu.2020.09.018

27. Moestrup, SK, and Nielsen, LB. The role of the kidney in lipid metabolism. Curr Opin Lipidol (2005) 16(3):301–6. doi: 10.1097/01.mol.0000169350.45944.d4

28. Krikken, JA, Dallinga-Thie, GM, Navis, G, and Dullaart, RP. Short term dietary sodium restriction decreases HDL cholesterol, apolipoprotein A-I and high molecular weight adiponectin in healthy young men: relationships with renal hemodynamics and RAAS activation. Nutr Metab Cardiovasc Dis (2012) 22(1):35–41. doi: 10.1016/j.numecd.2010.03.010

29. Chun, YH, Han, K, Kim, DH, Park, YG, Cho, KH, Choi, YS, et al. Association of urinary sodium excretion with insulin resistance in Korean adolescents: results from the Korea national health and nutrition examination survey 2009-2010. Med (Baltimore) (2016) 95(17):e3447. doi: 10.1097/MD.0000000000003447

30. Rashid, S, Watanabe, T, Sakaue, T, and Lewis, GF. Mechanisms of HDL lowering in insulin resistant, hypertriglyceridemic states: the combined effect of HDL triglyceride enrichment and elevated hepatic lipase activity. Clin Biochem (2003) 36(6):421–9. doi: 10.1016/S0009-9120(03)00078-X

31. Baqar, S, Michalopoulos, A, Jerums, G, and Ekinci, EI. Dietary sodium and potassium intake in people with diabetes: are guidelines being met? Nutr Diabetes (2020) 10(1):23. doi: 10.1038/s41387-020-0126-5

32. Torricelli, FC, De, SK, Gebreselassie, S, Li, I, Sarkissian, C, and Monga, M. Dyslipidemia and kidney stone risk. J Urol (2014) 191(3):667–72. doi: 10.1016/j.juro.2013.09.022

33. Kang, HW, Seo, SP, Kim, WT, Kim, YJ, Yun, SJ, Lee, SC, et al. Hypertriglyceridemia is associated with increased risk for stone recurrence in patients with urolithiasis. Urology (2014) 84(4):766–71. doi: 10.1016/j.urology.2014.06.013

34. Hirano, T, Ebara, T, Furukawa, S, Nagano, S, and Takahashi, T. Mechanism of hypertriglyceridemia in Dahl salt-sensitive rats, an animal model of spontaneous nephrotic syndrome. Metabolism (1994) 43(2):248–56. doi: 10.1016/0026-0495(94)90253-4

35. Faught, E, and Vijayan, MM. Postnatal triglyceride accumulation is regulated by mineralocorticoid receptor activation under basal and stress conditions. J Physiol (2019) 597(19):4927–41. doi: 10.1113/JP278088

36. Cabrera, D, Rao, I, Raasch, F, Solis, N, Pizarro, M, Freire, M, et al. Mineralocorticoid receptor modulation by dietary sodium influences NAFLD development in mice. Ann Hepatol (2021) 24:100357. doi: 10.1016/j.aohep.2021.100357

37. Jiang, T, Gill, D, Butterworth, AS, and Burgess, S. An empirical investigation into the impact of winner’s curse on estimates from Mendelian randomization. Int J Epidemiol (2022) 52(4):1209–19. doi: 10.1093/ije/dyac233




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Yuan, Jing, Jian and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1189473-g003.jpg
Outcomes Beta (95%CI) P value

Discovery
LDL-C -0.05 (-0.25, 0.15) 0.638
HDL-C —— -0.21 (-0.40, -0.02) 0.029
Triglycerides 0.18 (-0.02,0.39)  0.078
Replication
LDL-C 0.09 (-0.21, 0.39) 0.572
HDL-C -0.03 (-0.29, -0.23) 0.818
Triglycerides 0.13(-0.12,0.38)  0.317

-0.5 0.5

0
Beta (95%Cl)





OEBPS/Images/fendo-14-1189473-g001.jpg
Outcomes Beta (95%Cl) P value

Discovery
LDL-C -0.05 (-0.15, 0.06) 0.380
HDL-C —i— -0.32 (-0.43, -0.20) 7.25E-08
Triglycerides —a—— 0.22 (0.03, 0.40) 0.020
Replication
LDL-C 0.13 (-0.12, 0.37) 0.324
HDL-C —— -0.37 (-0.60, -0.14) 0.001
Triglycerides 0.24 (-0.01, 0.49) 0.061

-0.5 05

0
Beta (95%Cl)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Association between urinary sodium and circulating lipid levels: a Mendelian randomization study

      

        		

          Background

        



        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Material and method

        

          		

            Study design

          



          		

            Data source

          

            		

              Urinary sodium

            



            		

              Circulating lipid levels

            



          



          



          		

            Statistical analyses and Mendelian randomization

          



          		

            Mendelian randomization assumptions and results interpretation

          



        



        



        		

          Results

        

          		

            UVMR: bidirectional relationship between urinary sodium and circulating lipid levels

          



          		

            MVMR: bidirectional relationship between urinary sodium and circulating lipid levels

          



          		

            Replication analysis

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1189473-g004.jpg
Exposures Beta (95%CI) P value

Discovery
LDL-C -0.002 (-0.012, 0.007) 0.597
HDL-C -0.008 (-0.015, -0.002) 0.057
Triglycerides —®—  0.029(0.019, 0.037) 8.13E-10
Replication
LDL-C -0.003 (-0.010, 0.004) 0.399
HDL-C -0.003 (-0.011, 0.005) 0.476
Triglycerides —— 0.014 (0.003, 0.025) 0.011

0
Beta (95%Cl)





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1189473-g002.jpg
Exposures Beta (95%CI) P value

Discovery
LDL-C -0.005 (-0.014, 0.004) 0.299
HDL-C —i— -0.010 (-0.018, -0.003) 0.008
Triglycerides —®— 0.030(0.020,0.039) 2.12E-10
Replication
LDL-C -0.006 (-0.014, 0.001) 0.107
HDL-C -0.001 (-0.009, 0.007) 0.869
Triglycerides —a 0.014 (0.002, 0.025) 0.021

0
Beta (95%Cl)





OEBPS/Images/fendo.2023.1189473_cover.jpg
& frontiers | Frontiers in Endocrinology

Association between urinary sodium and
circulating lipid levels: a Mendelian
randomization study





